This paper considers the pulsatile pressure-flow relationships in patients with a patent ductus arteriosus (PDA). The emphasis is on the patterns that occurred with variable hemodynamic states, extending from the continuous left-to-right (L-R) PDA shunt with low pulmonary vascular resistance to the opposite extreme where the systemic circulation depended entirely on the right-to-left (R-.L) PDA flow. Pressure gradients were determined from pressures measured simultaneously with matched catheter systems, and flow was evaluated by biplane cineangiography. In all of the hemodynamic states there was flow from the aorta to the pulmonary artery during diastole, even with aortic atresia. With bidirectional shunts, the R-L pressure gradient and flow occurred during the initial systolic rise of the pulse pressure in association with an earlier rise of the pulmonary artery pressure than the aortic pressure at the PDA site. With bidirectional shunts the L-*R diastolic flow across the PDA originated preferentially from backflow in the descending thoracic aorta distal to the PDA. Because the aortic backflow appeared to be considerable and occurred over large distances in some patients, we suggest that this may result in a "diastolic steal" of blood from the abdominal organs to the pulmonary artery. The diastolic steal raises questions about a potential interaction of this steal and necrotizing enterocolitis in infants with a large PDA. Since the patterns found could not be explained using the concept of vascular resistance, especially the marked L-.R PDA diastolic flow in aortic atresia, we relate the preferential L-R diastolic flow from the descending aorta to existing analyses of the effects of geometry on the impedance of the systemic arterial system. From the
PHARMACOLOGIC CLOSURE of patent ductus arteriosus (PDA) in premature infants by Friedman et al. ' and Heymann et al.2 has focused attention on the therapy of this entity during the neonatal period. The factors leading to left-to-right (L--R) shunting and the development of heart failure in infants with PDA have been portrayed recently by Hoffman.3 As experience increases in the management of these infants, with and without associated respiratory disease,4 it is increasingly apparent that the L-*R shunt of the PDA may lead not only to the changes of heart failure3 but also to peripheral perfusion problems. Indeed, Kitter-man5 and Heymann and Hoffman6 have suggested that a PDA with a large L-+R shunt in small preterm infants is an important cause of intestinal ischemia, a suggestion with which we agree.
The hemodynamic interpretation of the manifestations of a PDA with a large L->R shunt is based on clinical data of cardiac function alterations3 and on experimental data for the state of low pulmonary vascular resistance in the experiments of Rudolph et al. 7 with their aortopulmonary prosthetic shunt in dogs. They related the acute changes of a large aortopulmonary L--R shunt to a decrease in systemic vascular resistance, an increase in pulmonary blood flow, and increased left-heart diastolic pressures with prolonged left ventricular ejection. Most analyses of hemodynamic abnormalities have been directed to the mechanical function of the ventricles. Schultz8 pointed out that the consequences of hemodynamic abnormalities related to mechanical function of the ventricle have been difficult to couple with information about the arterial bed, which presents the effective load to the ventricles, and that insight into the behavior of the complete system must remain minimal until some amalgamation is made between the two.
The major limitation for us in the study of the pulsatile dynamics of PDA in patients was that the information had to be obtained with conventional techniques as each patient underwent routine diagnostic cardiac catheterization. For accurate measurements, electromagnetic flowmeters, the most reliable method for quantitative measurement of pulsatile flow,9 would need to be applied to the aorta (and PDA). Three reports7 1 ' 11 have presented flowvelocity curves recorded with electromagnetic flowmeters from the aorta in subjects with shunts at the location of a PDA, all with continuous L->R shunts. In 1963 Spencer and Denison10 published flow curves recorded from the descending thoracic aorta in a 3year-old child at surgery for PDA. The next year Rudolph and associates7 presented numerous aortic flow curves obtained in their prosthetic-aortopulmonary shunt dog experiments. Their data explained the well-known angiographic evidence of fluctuations in flow in the descending thoracic aorta of patients with aortopulmonary shunts. Subsequently, Cassels11 made The ratios of pulmonary-to-systemic blood flow (Qp/Qs ratio) are presented as approximations. They were calculated by the Fick method using equations presented by Rudolph.13 Abbreviations: PDA = patent ductus arteriosus; L->R = left-to-right; R defect; cath = catheterization. numerous aortic flowmeter measurements above and below the origin of the PDA in patients at surgery. He emphasized that marked "regurgitant flow" from the descending thoracic aorta into the ductus was seen only in the presence of large L-+R shunts.
While these reports provide the experimental basis for understanding flow across the PDA when the pulmonary vascular resistance is low, they do not provide experimental information or a theoretical framework of the pulsatile dynamics of a PDA when the hemodynamic state varies from that of continuous L-*R flow across the ductus to the opposite extreme, in which the total systemic circulation is supplied by flow from the pulmonary artery to the aorta, as in aortic atresia. In this report we consider the pulsatile pressure and flow of the aorta and ductus when the background hemodynamic state varies between these extremes.
Methods
Matched catheter pressure recordings and biplane cineangiocardiograms were obtained in 64 children with PDA (PDA study group), ages 2 days to 14 years, during the course of routine diagnostic heart cath-= right-to-left; VSD = ventricular septal eterizations. For a control evaluation of the ability to observe backflow of blood in the descending thoracic aorta, we screened a large number of additional routine aortograms and found 32 (control study group) that we considered technically adequate. The diagnostic categories of both the PDA study and control study groups are presented in table 1. In the patients diagnosed as having aortic atresia,12 only those with necropsy confirmations were included. No attempt was made to define differences in the anatomy, tortuosity and course of the PDA" at cardiac catheterization. However, in all but three patients with bidirectional shunts, there was confirmation of a large PDA at surgery; in none was the PDA elongated and tortuous.
Most patients were studied after sedation with meperidine, phenergan and chlorpromazine. No sedation was used in sick infants. All patients were breathing room air, except for three children under light anesthesia, in whom the inspired air was sampled intermittently to maintain the oxygen concentration at 20.5-2 1.0 vol%. The magnitudes of the shunts were estimated from blood oxygen saturation measurements (Fick principle) by using the equations detailed by Rudolph .l3 ill VOL 61, No 1, JANUARY 1980 It is well known that evaluation of PDA R-_L shunts by the oxygen method is fraught with the additional complication of selective shunting down the descending aorta, a complication analyzed theoretically by Gersony et al.14 Because our results indicated that the assumptions used in the oxygen method were not valid in some patients with PDA, we made no attempt to quantitate PDA flow accurately in the presence of bidirectional shunts.
The methods used for determining the pressure-flow relationships of intracardiac shunts by matched catheter and cine methods have been described in detail15' 16 and were adapted in large part for this study. The pertinent features include:
1) The pressure differences were measured with the tip of the aortic catheter in the descending aortic arch close to the ductus and with the tip of the other catheter in the main pulmonary artery near the PDA. In 12 patients without aortic atresia, the validity of the pressure gradients was checked by repeating the pressure recordings with the positions of the tips of the two catheters reversed. In all, similar pulsatile gradients were obtained. In eight patients, the tip of the aortic catheter was positioned just above the aortic valve to record the time difference in the pressure waveform there and at the PDA.
2) To evaluate the PDA and aortic flow patterns, biplane cineangiocardiograms were recorded after the pressures were measured. The outputs of photocells in the beams of the image amplifier tubes were used to time align the cine frames with the pressure curves. Injection of 75% Hypaque (sodium and meglumine diatrizoate), 0.5-1 ml/kg body weight, was performed into the main pulmonary artery just proximal to its bifurcation to study R-+L flow across the PDA. To study L--R flow, injections were made into the ascending aorta and/or into the descending aorta 2-5 cm distal to the PDA. The rate of injection was such that the bolus of contrast material was delivered over one to two heart beats. As the injection of contrast media might alter the timing and direction of the shunts, care was taken to analyze the entire cardiac cycle of both injections, one in the pulmonary artery and the other in the aorta. In no case did we find evidence that flow was altered with respect to timing and direction by the injection, because 1) the direction and timing of the shunts coincided with the pulsatile pressure gradients, and 2) from evaluation of both injections we never found evidence that flow across the PDA occurred in both directions at the same time in the cardiac cycle. This indicated that any possible effects of the injection did not significantly alter the results of the analysis.
Results
We use the term ".gradient" for the instantaneous pressure difference across the PDA to indicate the direction of the force of the pressure difference. The time from the onset of the upstroke of the pulse pressure waveform to the time approximating the incisura is referred to as "systole" and the remaining interval until the next beat as "diastole." Because the patterns found were similar within each of the three patient categories (table 1A) , the results of individual patients are presented for each hemodynamic state and, where appropriate, the results of others are noted for comparison.
Ventricular Pressures
Patients with normal to slightly elevated right ventricular pressures had the normal time relationship of pressure rise between the right and left ventricles; i.e., the left ventricular pressure rise began approximately 10-20 msec before that of the right ventricle. In all patients with bidirectional shunting, the peak systolic pressures of both ventricles were approximately the same, although the peaks occurred at different times. In this group, the pressure rise in the right and left ventricles was almost simultaneous. In three of these patients, ages 11-13 years, one of whom had an associated ventricular septal defect, the pulmonary-tosystemic flow (Q(/Q8) ratios were less than 1.3 and the pressure rise of the right ventricle preceded that of the left ventricle. The time of the pressure fall in the two ventricles varied. We did not find evidence of prolongation of systole of the left ventricle compared with that of the right ventricle with increasingly large L->R PDA shunts, as has been shown in acute dog experiments.'
Continuous Aorta-to-Pulmonary Artery Pressure Gradient and Flow
The pressure gradient pattern of this group is shown in figure 1 for a 3-month-old infant with associated congenital complete atrioventricular block (Q/Q8 2.3). The upstrokes of the two pulse pressures occurred almost simultaneously. The peak LU-R gradient occurred during systole"0 at the time of the peak of both pressures ( fig. 1 ) and the L-+R gradient persisted throughout diastole with little change. A continuous L--R gradient was found in four infants younger than 2 years of age, in whom the peak pulmonary artery pressure was elevated to within 6-10 mm Hg of peak aortic pressure, while the mean pressure difference varied 9-26 mm Hg. However, in all of the remaining patients the pulmonary pressure was normal.
The relationship between the continuous L-+R pressure gradient and the pattern of flow is shown in figure 2 with an injection into the aortic arch. The first two cine frames on the left during diastole showed opacification of the aortic arch and pulmonary artery, consistent with forward diastolic flow from the aortic arch through the PDA;`1 however, during diastole no flow occurred down the descending thoracic aorta. With the onset of systole, the entire descending thoracic aorta was opacified due to the piston-like effect of blood entering the ascending aorta from the left ventricle. This resulted in a washout of the contrast media in the descending thoracic aorta by the end of systole. Subsequently, during diastole (last frame), opacified blood from the abdominal aorta reappeared due to backflow in the descending thoracic aorta through the PDA. These frames illustrate the consistency in determining the direction of flow cineangiographically; i.e., during diastole there was no flow from the aortic arch down the descending thoracic aorta distal to the PDA, a finding in keeping with the diastolic backflow of blood in the descending thoracic aorta into the PDA. We saw no evidence that the backflow occurred into the intercostal arteries, the only other possible run-off connection of the descending thoracic aorta. Also, with injections distal to the PDA in this hemodynamic group, we never saw backflow into the aortic arch proximal to the PDA. To evaluate our ability to use the aortogram to detect diastolic backflow in the descending thoracic aorta, a small amount of which is seen in normal electromagnetic flowmeter curves,10 we divided the control group into three categories (table iB): 1) Those without a PDA, 2) cyanotic infants with pulmonary atresia, a condition in which a small PDA was present with quite small L-*R shunts (no prostaglandin therapy7), and 3) patients with tetralogy of Fallot with a right or left subclavian artery anastomosis to the pulmonary artery. We were unable to see backflow in the descending thoracic aorta in any of the categories of the control patients, except in two tetralogy patients with right-sided Blalock-Taussig shunts with pronounced L-*R shunting, in whom there was backflow from the lower thoracic aorta across the aortic arch into the right innominate artery.
Bidirectional Pressure Gradient and Flow
In all of these patients, a R--L pressure gradient lasting 40-100 msec occurred during initial systole before the peak of the aortic pressure curve ( fig. 3 ). Because of its short duration in some patients, it was important to account for the time of the pressure-wave transmission around the aortic arch to the site of the PDA. An example of the time lag (40 msec) is shown in figure 3A in a 13-year-old patient (Q0/QO 1.2). This delay ranged from 10-20 msec in four patients younger than 2 years old to 35-50 msec in four children [8] [9] [10] [11] [12] [13] [14] years old. The simultaneously measured descending aorta and pulmonary artery pressures (fig. 3B) showed the transiently higher pulmonary artery pressure during the initial upstroke, a predominance that was reversed when the aortic pressure wave arrived at the PDA site. In figure 3C , the peak R->L gradient of 6 mm Hg was related to the earlier rise in the pulmonary artery pressure than in the aorta and later in systole the peak aortic pressure was 7 mm Hg higher than the peak pulmonary artery pressure.
All of these patients had a L--R gradient throughout diastole; however, the time of the peak L--R gradient varied, occurring during systole at the peak of the aortic pressure in some ( fig. 3C ) and late in diastole in others. We did not see a difference in the PDA gradient patterns in the patients with an isolated large PDA vs those with an associated ventricular sep- tal defect. In all of the patients with bidirectional shunts (table 1, A2), the mean pressures in the aorta and pulmonary artery did not differ by more than 4 mm Hg and the aortic mean pressure was the higher one.
The relationship between the pressure gradient shown in figure 3C and the pattern of blood flow is shown in figure 4 . With injection into the ascending aorta (top), the pulmonary artery main segment was not visualized during the interval of the R-+L early systolic gradient, whereas L->R flow was apparent at the end of systole and during diastole. With injection into the pulmonary artery, during diastole there was no filling of the patent ductus (bottom, first frame), but it was opacified in association with the transient R-L pressure gradient of initial systole. Integration of the pressure-gradient curve (figs. 3 and 4) showed that during each beat the area of the R-*L gradient was 18% of the area of the L-)R gradient. The blood oxygen saturation was 96% in the ascending aorta and 93% in the lower descending thoracic aorta.
The bidirectional gradient pattern with the peak L-R gradient in late diastole is shown in figure 5 in a 4-month-old infant (J/Qs 2.7) with an associated ventricular septal defect. The transient R-),L systolic gradient occurred before the peak of the aortic pressure, and the peak LU-R gradient in late diastole was associated with a more rapid diastolic fall in the pulmonary artery pressure than that of the aorta. The relation of this pressure gradient to the flow pattern is shown in figure 6 . After injection into the ascending aorta (top) there was no L-,R flow into the pulmonary artery during systole; the L-*R shunt occurred during diastole. The pulmonary artery injection (bottom) showed faint opacification of the descending aorta during systole but not during diastole. Integration of the pressure-gradient curve (figs. 5 and 6) showed that during each beat the area of the R->L gradient was 12% of the area of the L->R gradient. The blood oxygen saturation in both the ascending aortic arch and abdominal aorta was 95%. The pulsatile flow of blood with high oxygen content from the aorta to the pulmonary artery throughout diastole would result in some of that same blood being preferentially shunted 14 of the pressures in a panel A were recorded in the aorta to determine the time lag ofpressure-wave transmission around the aortic arch from a position just above the aortic valve (ASCEND) to the aortic side of the PDA (DESCEND). The simultaneous pressures recorded across the PDA are shown in panel B and the enlarged pressure waveforms and pressure-gradient curve are shown in panel C. The mean aortic and pulmonary artery pressures (Ao and PA) were 88 and 86 mm Hg, respectively. The vertical dashed line on the left denotes the time of the peak left-to-right pressure gradient (coincident with the peak of the aortic pressure at the PDA site) and the vertical dashed line on the right indicates the time of the transient systolic right-to-left gradient. back into the aorta during early systole before blood from the right ventricle (i.e., blood with low oxygen content) reached the PDA.
Systemic Circulation Supplied by PDA Right-to-Left Shunt (Aortic Atresia)
All of the infants with aortic atresia had bidirectional pressure gradients of the type shown in figure 7. During systole there was a marked R-oL gradient until after the peak of the pulmonary artery pressure, as would be expected with aortic flow being supplied from the pulmonary artery. The peak R-*L pressure gradient values during early systole were 10-20 mm Hg, vs a 4-9-mm Hg difference between the peaks of the pulmonary artery and aortic pressures. A L->R pressure gradient during diastole was present in all of these infants.
The effect of respiration on the pressure-gradient curve is shown in figure 7 . During inspiration, the R-,L gradient decreased and the L->R gradient increased; during expiration, the trend reversed. Integration of the gradient curve showed that at the peak of inspiration (second beat), the areas of the bidirectional gradients were almost the same, while during expiration the area of the R-iL gradient was two to three times greater than the area of the L-*R gradient. Analysis of each beat shown in figure 7 showed that the L-.R pressure gradient across the PDA during diastole varied from 50-97% of the R-+L gradient during each beat. The net pressure gradient (R-L gradient minus L-oR gradient) associated with flow from the pulmonary artery to the aorta (net flow to the systemic circulation) varied from 3%-50% of the total R-*L pressure gradient. The considerable beat-to-beat variation was related to respiratory activity in these sick infants.
The relation of the flow pattern to the pressuregradient curve is shown in the aortogram in figure 8. During systole (first frame), no flow occurred from the aorta to the pulmonary artery; however, during diastole there was pronounced filling of the main pulmonary artery and its peripheral branches. Associated with this L-*R diastolic shunt there was backflow of blood in the descending thoracic aorta both through the PDA and into the aortic arch above the PDA; i.e., all of the L-+R diastolic PDA shunt came from the descending aorta. With the onset of the next systole, the piston-like effect of blood entering the pulmonary artery from the right ventricle resulted in a considerable quantity of blood that had returned to the pulmonary artery from the descending thoracic (table 2) .
Because all patients with a large PDA had visible diastolic backflow in the descending thoracic aorta, the question arises whether this results in a decrease in the amount of net forward flow to the lower body compared with that when there is no backflow into the PDA. To evaluate this question, we analyzed the only data available to us; i.e., the published elec-tromagnetic flowmeter curves of the descending thoracic aorta recorded for the state of continuous L-oR aortopulmonary shunting.7' 1 11 For our analysis (table 2), we assumed that the methods used in those studies recorded longitudinal blood flow and that no technical changes occurred in the recording conditions during obliteration of the L-*R shunt. Although the calibrations of the curves were not present, Cassels1`listed the total forward flow per minute, and we assigned his value during L->R shunting to the curves of all three studies so that a relative comparison could be made. In using these assumed values, the percentage calculations remained valid based on the area of the forward and backward flow of each FIGURE 6. Relation of the patent ductus arteriosus (PDA) flow pattern to the bidirectional pressure gradient. The cine frames after injection into the ascending aorta (top) and into the main pulmonary artery (bottom ) are time-related to the pressure-gradient curve (inset) offigure 5. The catheter in the ascending aorta was passed through a ventricular septal defect. In the first frame at the top, although the aortic arch and descending thoracic aorta were opacified during systole, there was no left-to-right (L-.R) flow across the PDA; this flow occurred during the diastolic L-.R gradient. With the pulmonary artery injection (bottom) there was no evidence offlow into the aorta during diastole, but faint opacification of the descending aorta due to the right-to-left (R-,L) PDA shunt was evident during the early systolic R-.L pressure gradient. VOL 61, No 1, JANUARY 1980 beat. Adjustment of stroke volume per beat was made for heart rate changes measured from the ECGs shown in the figures of these investigators.
Our analysis of the curves of Spencer and Denison10 (table 2A) showed that with the PDA open the total forward pulse volume was divided equally for backflow and for net forward flow. After PDA closure, the absolute value of net forward flow increased 33% per minute (table 2A ). In the dog experiments of Rudolph et al.,7 the backflow was equal to forward flow, i.e., there was no net forward flow in the descending thoracic aorta until the L->R shunt was diminished or obliterated (table 2B). In Cassels' patient," with the PDA open (Q,/Q8 1.7) the backflow was 16% of total forward flow, and after PDA closure the absolute value of net forward flow increased 11% (table 2C) . Thus, the curves of all three investigations indicate that the presence of diastolic backflow in the descending thoracic aorta through the PDA was associated with diminished flow to the lower body compared with the state just after PDA closure.
Diastolic L->R Flow in Bidirectional PDA Shunts
The pulsatile patterns in patients with bidirectional shunts when the mean pressures in the aorta and pulmonary artery were almost the same raises the question of why the diastolic flow originated preferentially from the descending thoracic aorta distal to the PDA ( fig. 9 ). Like Gessner,18 we used the "'excentric Tee" model to illustrate the role of geometry in a PDA by the schematic diagrams in fig. 9 (left) .
Flow into the aorta supplies two clearly separable parts of the systemic arterial system in parallel, whether flow enters via the left ventricle and/or a PDA. The characteristics of the aortic input im-pedance18 follow from the fact that the vascular system to the trunk and legs (trunk and hindlegs of the dog8) is larger than the vascular system of the head and arms. This difference is accentuated in aortic atresia ( fig. 9 , bottom) due to the diminutive ascending aorta. These general features suggest that the location of a large PDA, which is an additional parallel connection between the two extremes of the systemic arterial system, would affect diastolic flow more from the larger capacity system of the trunk than the aortic arch system, which has an even smaller capacity than normal in aortic atresia ( fig. 9 ).
Systolic R-.L Flow in Bidirectional PDA Shunts
In our patients, the R->L PDA shunt always occurred during systole, beginning during the upstroke of the pulmonary artery pressure curve. The R-+L gradient and flow were quite transient in patients with high Q,/Q8 ratios and lasted much longer as the Q(/JQ ratio decreased to that of aortic atresia (fig. 9 ).
The following factors contributed to the early systolic R-L PDA shunt: 1) With the elevated pulmonary artery pressure, the right ventricular pressure rise occurred relatively left were recorded in a 2-day-old infant with aortic atresia. In the expanded waveforms on the right, note that there was both a pronounced right-to-left systolic gradient and a considerable diastolic left-to-right gradient. The effects ofrespiration on the pressure gradient are apparent with inspiration during thefirst two beats and expiration during the last three beats. The mean aortic (Ao) and pulmonary qrtery (FA ) pressures were 57 and 58 mm Hg, respectively. early, with isovolumic contraction of the right ventricle occurring simultaneously with or preceding that of the left ventricle.
2) Flow into the pulmonary artery began slightly earlier or at the same time as the entrance of blood into the ascending aorta.
3) The distance of transmission of the pressure-flow wave to the aortic side of the PDA was shorter via the pulmonary artery than around the ascending aortic arch to the site of the PDA, a feature initially suggested by James for newborns.'9 As measured from the aortograms of eight patients with bidirectional shunts (table 1, A2), the midstream distance from the aortic valve around the aortic arch to the PDA site was 40-55% greater than the distance between the pulmonary valve and that site. 4) With increased ratios of pulmonary-to-systemic vascular resistance, the systolic R-+L PDA shunt was of greater magnitude and lasted longer; e.g., at the extreme of aortic atresia all of the flow to the systemic circulation occurred across the PDA during systole.
Discussion
The unique feature of our study compared with previous human and animal studies was that in all patients with a large PDA and high pulmonary vascular resistance there was diastolic flow from the aorta to the pulmonary artery, even in those with aortic atresia. In patients with bidirectional shunts, this diastolic flow originated preferentially from the descending aorta distal to the PDA. With continuous L--R shunting, Rudolph et al.7 explained the backflow in the descending thoracic aorta on the basis of the runoff provided by the low-resistance pulmonary vascular system. While this is a useful explanation for that hemodynamic state, it cannot be used to explain the diastolic L-*R flow in some patients with bidirectional shunts across an isolated PDA or in those with aortic atresia. The patterns found in these patients emphasize the need for more qualitative and quantitative analyses of the pulsatile flow in such states where the concept of vascular resistance'8 is inade- . Relation of the patent ductus arteriosus (PDA )flow pattern to the pressure gradient in aortic atresia. The simultaneous biplane cine frames (top) after injection into the descending thoracic aorta just below the PDA site are time-related to the pressure-gradient curve (inset) offigure 7. Beginning on the left, there was no flow from the aorta to the pulmonary artery during systole, but pronouunced left-to-right flow to the pulmiionary'v artery and its peripheral branches occurred during the diastolic pressure gradient. During diastole, the backflow in the descending aorta gave rise to flow across the PDA and into the aortic arch above the PDA site. With the onset of the second beat (last frame), flow to the upper body consisted of several comiponents: one representing diastolic backflowfrom the descending thoracic aorta, onefrom the nmain pulnmonary artery that originated from the descending aorta, and one from the right ventricle repre.vented by the unopacified blood. LA T lateral; AP = anteroposterior.
quate to explain the L-*R shunting across the PDA.
The results indicate that the predominant mechanisms involved in the diastolic L-*R PDA shunt should vary from one hemodynamic state to another. Also, our results provide no information about the fact that the ductus itself in some patients might offer substantial impedance to flow and result in different pressure-flow relationships than found in this study.
Physiologic Significance
The role of the physiologic and geometric factors ( fig. 9 ) in the delay of arrival of the aortic pressureflow wave at the aortic side of the PDA is intriguing, because the R-*L shunt into the aorta during initial systole would produce a transient increase in the resistance to flow down the aorta by the time the flow wave from the aortic arch arrived at the site of the PDA. Thereby, the early systolic R-oL PDA shunt would augment the distribution of the stroke volume from the left ventricle to the head. This physiologic influence on the distribution of flow would be beneficial and potentially significant when there is pronounced R-L shunting, as in the fetus.
Both of the bidirectional PDA shunts have a compensating feature of maintaiping increased flow to the head, possibly at the expense of the lower body. When the diastolic L-+R PDA shunt that originated pre- FIGURE 9 . Pulsatile bidirectional patterns ofbloodflow in relation to the geometry ofthe systemic circulation. The pattern offlow (arrows) in relation to the pressure gradient of an isolated patent ductus arteriosus (PDA) ( fig. 4 ) is shown at the top (I) and the pattern offlow in relation to the gradient ofaortic atresia ( fig.  8 ) is shown at the bottom (II). The schematic diagrams on the left show the geometric features of the normal systemic arterial system (I) and that of aortic atresia (II). The complicating feature in I is that the pulmonary arterial system is connected in parallel with the aorta via a large PDA that is located between the upper aortic arch system (low capacity) and the aortic trunk system (high capacity), with the descending thoracic aorta connecting the two. In aortic atresia (II), the difference between the capacities of the aortic arch and trunk arterial systems is augmented by the diminutive ascending aorta. The above representation follows the "excentric Tee" model of the input impedance ofthe normal systemic arterial system as analyzed by Gessner.'8 Ao = aorta; PA = pulmonary artery. ferentially from backflow of blood in the descending thoracic aorta is large, it could result in a "steal" of blood to the pulmonary artery from the abdominal organs. Thereby, newborn infants with heart failure in association with a large PDA may be especially vulnerable to increased ischemia of the abdominal organs. 0 The question naturally arises whether in preterm infants there could be an interaction between the "diastolic steal" and necrotizing enterocolitis, a problem deserving investigation.
Implications for Clinical Methods Used to Quantify PDA Shunts
We have been impressed on physical exartination in some patients who appear to have appreciable R-*L PDA shunts by cineangiocardiography that it has been quite difficult to detect differential cyanosis of the feet relative to the arms (even after the R-*L shunt is known). The pulsatile patterns found suggest that the "oxygen method" would underestimate the magnitude D UI. 121 ___________-1 VOL 61, No 1, JANUARY 1980 of the R-*L shunt, primarily because a varying amount of the total volume of the early systolic R-oL shunt would consist of the same blood that had just entered the pulmonary artery from the aorta during late diastole ( fig. 9 ). With increasingly large R-+L PDA shunts, the component consisting of blood ejected from the right ventricle during systole would become increasingly dominant. Thus, the patterns found suggest that when differential cyanosis can be seen at the bedside, a large R-*L PDA shunt should be present.
The most commonly used technique for quantification of either L-+R or R-_L PDA shunts is an indirect one, the oxygen indicator method (Fick principle).'3 '4 An implicit assumption in the use of this method is that the course of blood flow does not deviate significantly from a unidirectional one to the periphery of the lungs and systemic circulation. In the presence of a large PDA, the diastolic backflow in the descending aorta was found to course over distances amounting to one-half that between the PDA and the femoral artery ( fig. 2 ). In principle, this diastolic backflow would also affect arterial dye curves by increasing themean transit time of the indicator and, unless one were aware of its presence, the interpretation would result in overestimation of the L-+R shunt.
It is well appreciated that the oxygen method is not accurate for estimating the magnitude of bidirectional PDA shunts. Gersony et al.'4 developed an oxygenbased model for theoretical analyses with new equations in an attempt to overcome these difficulties. The course followed by some of the blood may be so circuitous that accurate accounting for the course of PDA flow by the oxygen method is prohibitively difficult. These complexities are different from those produced by bidirectional intracardiac shunting (e.g., R_.L shunt to the left ventricle via an atrial or ventricular septal defect that subsequently is shunted back to the rightside of the heart through a ventricular septal defect '3' 16) , because the extra distancetraversed by the intracardiac shunts is relatively trivial compared with that seen in the PDA shunt patterns.
Further improvement in the accurate estimation of PDA shunts is unlikely with conventional oxygen indicator methods. Pulsatile measurements made closer to the source of the events should provide help in this dilemma.21 ' 22 In the future it will be interesting tosee if nonintrusive methods of determining aortic flow and velocity23 will be able to provide a qualitative picture that is more valuable in evaluating the abnormalities of flow associated with a large PDA than currently provided by the numerical estimates of the oxygen method.
